The metal-to-insulator transition (MIT) property of vanadium dioxide (VO 2 ) has recently been used in several application fields such as plasmonics, sensing, metamaterials, and optical modulation. Due to the MIT nature, VO 2 allows a huge change in its complex refractive index that can be electrooptically controlled. In this paper, the analysis and design optimization of a 2 Â 2 microring switch based on a hybrid VO 2 /silicon waveguide structure is addressed. Switching is achieved by exploiting the change in both absorption loss and phase shift that occurs in VO 2 when changing from the insulating to the metallic state. The device is optimized to minimize insertion losses and crosstalk. An active length of only 2.8 m is required to achieve a data throughput rate higher than 500 Gb/s at a single optical wavelength.
Introduction
The microring resonator is a very versatile photonic component that has been proposed for enabling a large variety of passive and active functionalities such as (de)multiplexing, filtering, modulating, switching, or sensing [1] . Ultra-small footprint and low power consumption are usual requirements for the integration of active devices in photonic integrated circuits and, in particular, they play a key role in electro-optical switches designs. To this end, the combination of high-contrast waveguides and active materials together with microring resonator structures provides a unique path towards the development of switching components with best performance. Active materials allow tuning their optical properties as function of an external stimulus. Amongst them, vanadium dioxide (VO 2 ) has been largely investigated for different applications due to its controllable change between an insulator and a metallic phase [2] . For photonic applications, VO 2 shows a promising performance due to the abrupt change in the refractive index between the two phases in the metal-to-insulator transition (MIT). The complex refractive index changes from 3.21 þ 0.17i in the insulating phase to about 2.15 þ 2.79i in the metallic phase at ¼ 1550 nm [3] . At steady conditions, VO 2 is in the insulator state (high transparence in the infrared spectrum), but its phase can be triggered to a metallic state (absorbing properties) by applying an electric field [4] - [8] , optical pumping [9] , [10] , or heating [11] , [12] . The huge change in the refractive index can give rise to a significant reduction in power consumption, as well as in active length. Therefore, VO 2 has been proposed for the development of ultra-compact modulators and switches in the silicon photonics platform. So far all the structures have been based on a one input/one output (1 Â 1) configuration. Optical switches based on ring resonator structures have been proposed to exploit the change in the real part of the VO 2 refractive index [9] and extinction ratios up to 10 dB have been experimentally reported [10] . On the other hand, the change in the imaginary part of the VO 2 refractive index has been used for enabling electro-absorption modulators. Hybrid structures based on the silicon waveguide covered with a VO 2 patch ranging from 0.5 m to 1 m have been demonstrated showing modulation depths of 4 dB/m and insertion losses between 0.5 dB to 2 dB [9] .
More recently, a 1 m long electro-absorption switch with an extinction ratio higher than 10 dB and modest insertion losses of 5 dB has been demonstrated [13] . The integration of the VO 2 into plasmonics structures has also been proposed [14] - [19] . Electrically driven VO 2 plasmonic switches with extinction ratios and insertion losses per length of 1.9 dB/m and 0.9 dB/m respectively have been experimentally demonstrated [18] . However, the coupling to conventional silicon waveguides is usually more challenging. A plasmonic structure with optimum coupling has been recently proposed and analyzed by means of simulations but the achieved extinction ratios were below 9 dB [19] .
In this paper, the analysis and design optimization of a 2 Â 2 microring switch based on a hybrid VO 2 /silicon waveguide structure is reported for the first time. Active performance is based on the MIT in the VO 2 so that a change in optical absorption losses and phase shift is achieved due to the complex nature of the refractive index. Different from previous works, switching is achieved by exploiting the change in absorption loss but taking advantage of the induced phase shift to enhance the performance as well. Thus, insertion losses below 1.8 dB and crosstalk values above 12 dB are achieved in a compact switching device with an active length as low as 2.8 m and a footprint below 100 m 2 .
2. Analysis of the 2 Â 2 Optical Switch Structure Fig. 1 shows the proposed 2 Â 2 switch based on a conventional add-drop microring resonator structure and the schematic of the hybrid VO 2 /Si waveguide structure. The external waveguides are based on silicon while the ring is based on a hybrid VO 2 /Si waveguide. The VO 2 is only deposited over a part of the ring. A symmetric structure is required to have the same switching performance independently of the input port so the transmission coefficient of the ring will be the same at both coupling sections.
The device will switch between the bar and cross states by exploiting the change of the VO 2 complex refractive index. In the cross state, shown in Fig. 2(a) , low losses inside the ring are required to minimize the insertion loss of the switch. Therefore, the VO 2 is in the insulating state. The normalized power at the output port and the crosstalk can be calculated by
where t is the transmission coefficient, ; i is the phase shift and a i is the amplitude losses in the ring for the insulating state [1] . On the other hand, in the bar state, shown in Fig. 2 (c), the VO 2 will change to the metallic state. Therefore, losses in the ring will increase to a m due to the variation of the imaginary part of the refractive index. In this case, the output power of the switch is calculated by (2) and the crosstalk by (1) taking into account the new ring loss value of a m . Low insertion losses and high crosstalk can also be achieved as it can be seen in Fig. 2(d) , which depicts the switching performance for a value of A m ¼ 20 log 10 ða m Þ ¼ 5 dB and the same transmission coefficient as in Fig. 2 (b). It should be noticed that the change in the real part of the VO 2 refractive index will give rise to a phase shift difference with respect to the insulating state ð; m > ; i Þ that will contribute to improve the insertion losses and crosstalk in the switch, as it can be seen in Fig. 2(d) . The same insertion losses are desirable for both switching states which can be achieved by conveniently designing the transmission coefficient of the ring structure. Fig. 3 shows the insertion losses and crosstalk as a function of the transmission coefficient for the same cross (; i ¼ 0, A i ¼ 0:5 dB) and bar (; m ¼ 0:2, A m ¼ 5 dB) states considered in Fig. 2(b) and (d), respectively. It can be seen that there is a transmission coefficient value, t ¼ 0:88 in Fig. 3(a) , that allows obtaining the same insertion losses at both switching states although the crosstalk level is slightly different. It is interesting to notice that there is also a different transmission coefficient that provides the same crosstalk level, as it can be seen in Fig. 3(b) .
Switching can be achieved by only varying the losses in the ring. Fig. 4 shows the insertion losses and transmission coefficient depending on the loss difference ðÁ ¼ A m À A i Þ between the bar and cross states by assuming that the phase shift is zero ðÁ; ¼ ; m À ; i ¼ 0Þ. It can be seen that low insertion losses can be achieved by only varying the ring losses between the two switching states. However, there is a bound in the lowest insertion loss that is determined by the ring loss in the cross state ðA i Þ. Insertion losses below 1.5 dB can be achieved if the ring loss in the cross state is 0.5 dB, which is possible to achieve with the value of the VO 2 refractive index in the insulating state. Lower insertion losses can be achieved by reducing the ring loss at the cross state but then a higher transmission coefficient will be required that will decrease the bandwidth of the ring resonance and, therefore, the optical bandwidth of the switch. Fig. 5 shows the switching performance as a function of the ring loss difference between the bar and cross states by considering that the ring loss in the cross state is 0.5 dB. Furthermore, the impact of having an additional phase shift is also depicted. It can be seen that if the loss difference is large enough ðÁ > 20 dBÞ, low insertion losses and high crosstalk at both switching states are achieved without requiring any phase shift and for a transmission coefficient around 0.85. In fact, the influence of the phase shift in the switching performance is negligible. However, a good performance can also be achieved with a lower loss difference if there is a certain phase shift, for instance Á; ¼ 0:25 as it is shown in Fig. 5 . Insertion losses below 1 dB are only achieved by having a -phase shift and keeping the loss difference below 7 dB. In this case, it should be noticed that a negligible loss difference is not desired as then crosstalk will increase at the bar state.
Therefore, the optimum hybrid VO 2 /Si waveguide will be designed by exploiting both the loss difference and phase shift variation between the insulating and metallic states. On the other hand, the active length will be determined to ensure that losses in the insulating state are 0.5 dB.
Hybrid VO 2 /Si Waveguide Design
A standard silicon waveguide ðn Si ¼ 3:475Þ with a cross section of 480 Â 220 nm is considered. The waveguide is covered by a silica cladding ðn SiO2 ¼ 1:444Þ that is etched down and planarized close to the waveguide. The VO 2 film is then deposited and metal contacts are placed on both sides of the waveguide. The optimum spacer, h, and VO 2 film thickness, h VO2 , have been designed to achieve the best performance in terms of insertion losses and crosstalk. The design has been carried out with a commercial mode solver based on the finite element method. The active length, insertion loss, and crosstalk at the bar and cross states as a function of h and h VO2 parameters is shown in Fig. 6 for TE polarization. It can be seen that both insertion losses and crosstalk are maximized as the VO 2 layer is thinner while the influence of varying the spacer thickness is low. However, the active length is minimized for thinner spacers. Therefore, lower spacer and VO 2 thicknesses are desirable to achieve the optimum switching performance. For a 10 nm-thick VO 2 film deposited on top of the silicon waveguide ðh ¼ 0 nmÞ, an active length of 2.8 m will be required to ensure insertion losses of 1.75 dB and a crosstalk higher than 12 dB at both switching states.
Results for TM polarization are shown in Fig. 7 . In this case, it can be seen that there is a region where low insertion losses are achieved. Insertion losses as low as 1.3 dB are possible but the crosstalk at bar state will be below 10 dB. Therefore, there is a trade-off between the insertion losses and crosstalk levels at both states. For a VO 2 film with a thickness of 40 nm and a spacer of 20 nm, crosstalk levels higher than 16 dB and insertion losses of 1.5 dB are achieved by using an ultra-short active length of only 0.62 m. Fig. 8 shows the different mode profiles as function of the polarization and the VO 2 state for the waveguide structure with the optimum parameters previously designed. For TE polarization, the mode does not experiment a huge change in its mode profile when the VO 2 changes from the insulating state, which is shown in Fig. 8(a) , to the metallic state. On the other hand, for TM polarization the mode in the insulating state is highly confined in the slot between the VO 2 and the waveguide, as it can be seen in Fig. 8(b) . However, when the VO 2 switches to the metallic state, the waveguide becomes multimode and two possible modes appear. Fig. 8(c) shows the mode considered to obtain the results shown in Fig. 7 . It can be seen that the mode profile is similar with respect to the insulating state but there is a large variation in the imaginary part of the effective index that gives rise to a high loss difference of 26.3 dB. However, a very small loss difference of only 1.67 dB is achieved with the second mode shown in Fig. 8(d) basically because the mode profile is significantly changed compared to the insulating state, and there is less optical confinement in the VO 2 layer.
The optimum hybrid VO 2 /Si waveguides for each polarization have also been simulated by 3D-FDTD to analyze the transmission performance and coupling losses due to the modal mismatch between the silicon and hybrid VO 2 /Si waveguides. Fig. 9 shows the electric field contour maps for both polarizations and VO 2 states. For TE polarization, coupling losses are negligible and the transmission performance is in excellent agreement with simulation results obtained from the modal analysis. Thereby, losses in the insulating state, shown in Fig. 9(a) , are 0.5 dB while they increase to around 5 dB when the VO 2 changes to the metallic state, shown in Fig. 9(c) . It should be reminded that the VO 2 /Si waveguide length has been designed to have only 0.5 dB losses at the insulating state. However, for TM polarization, the total losses of the structure shown in Fig. 9(b) with VO 2 in the insulating state increase to 2.1 dB due to an inefficient coupling. In this case, coupling losses cannot be neglected because there is a higher mode mismatch between the TM mode in the silicon waveguide and the TM mode in the hybrid VO 2 /Si waveguide. Furthermore, losses of only 4.8 dB have been obtained when the VO 2 changes to the metallic state, which is shown in Fig. 9(d) . These losses are much smaller than the expected ones of around 26.8 dB due to the multimode performance of the hybrid VO 2 /Si waveguide. More concretely, the undesired second TM mode, which is depicted in Fig. 8(d) , is also partially excited thus contributing to reduce the total losses of the structure that will, therefore, have a negative impact on the switching performance. Fig. 10 shows the required transmission coefficient in the microring resonator to obtain the insertion losses and crosstalk results depicted in Figs. 6 and 7. According to the designed values of h and h VO2 for each polarization, the optimum transmission coefficient is t ¼ 0:88 for TE and t ¼ 0:85 for TM polarizations. However, the preferred polarization for the switch is TE due to the better transmission performance and negligible coupling losses with the silicon waveguide. Furthermore, most of the photonic circuits based on silicon photonics work also with TE polarization and a smaller radius, and therefore, a more compact switching device can also be achieved due to the smaller bending losses compared to TM polarization.
VO 2 /Si Microring Switch Performance
Three-dimensional-FDTD simulations have been carried out to determine the required gap between the ring and the input/output waveguides to obtain the required transmission coefficient for TE polarization. A radius to the midpoint of the ring of 3.5 m has been first chosen for a compact footprint below 100 m 2 . For such radius, a gap of 30 nm has been obtained that could be increased by using a racetrack configuration to fulfill fabrication constraints.
Three-dimensional-FDTD simulations of the final hybrid VO 2 /Si microring switching structure have also been performed to validate the whole design. Fig. 11(a) shows the response at the cross state. In this case, the VO 2 is in the insulating state and the switch operates at the ring resonance. The optical bandwidth is around 3.8 nm that will allow a data throughput rate higher than 500 Gbps. Furthermore, the throughput can be increased beyond Tbps operation by using a WDM optical signal with a wavelength spacing matched with the free spectral range of the ring resonances to simultaneously switch on and off a large number of wavelength channels [21] . Fig. 11(b) shows the response at the bar state in which the VO 2 is switched to the metallic state. It can be seen that the higher ring losses have a large influence on the ring resonance, which is almost suppressed. Furthermore, the resonance wavelengths are also shifted due to the additional phase shift induced by the variation in the VO 2 state. Both effects will contribute to improve insertion losses and reduce the crosstalk, as it can be clearly seen in Fig. 13 (b) and in agreement with theoretical results depicted in Fig. 2(d) .
Conclusion
The analysis and design optimization of a 2 Â 2 optical switch based on a hybrid VO 2 /Si microring structure has been carried out for both TE and TM polarizations. Extremely short active lengths have been demonstrated thus yielding to compact footprints lower than 100 m 2 . The best performance has been achieved for TE polarization. Insertion losses below 1.8 dB and crosstalk values above 12 dB have been achieved. Insertion losses can be lowered if the imaginary part of the VO 2 refractive index at the insulating state could be decreased. However, it should be noticed that in this case a higher transmission coefficient would also be required that would reduce the optical bandwidth of the switch. In the proposed device, the data throughput rate at a single optical wavelength will be higher than 500 Gbps, thus proving VO 2 /Si technology as a promising approach for the development of switches with high throughput bandwidth, low power consumption, small footprint, and compatibility with silicon CMOS photonics.
